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AL_TRACT

This work c,ncerns the rotational palaboloidal reflector of the Ad-

vanced Antem_a System of the NASA/JPL Deep Space Instrumenta-

tion Facility. Since the reflector itself and its supports are both flexible,

the displacements under loads are partially caused by the displace-

ments of the supports s,_ partially by the distortions of the reflector.

The former causes the dislocation of the focal point, which can be

corrected by physically moving the focal equipment, whereas the

latter is an intrinsic characteristic of the antenna, which causes inter-

ference of the radio waves. Previous work has shown that the root

mean square of the change in the path length over the reflector surface

is a measure of the magnitude of the interference taking place for

wave lengths much greater than the expected maximum distortions

of the surface.

Mathematically this is a problem of eliminating the rigid body

motion from the displacements of a surface and of varying a surface

parameter such that the remaining distortions will minimize a specified

function. This specified function is formed by the sum of the squares

of the normal distortions (the projections of the distortions on the

undeformed normal of the surface) with certain known weights. This

scheme is comparable to the general method of weighted residuals,

where the dbtortions correspond to the residuals. Since the distortions

are linear functions of the components of the rigid body motion and

the surface parameter, the specified function is a quadric which is

always positive, A digital computer program is developed to compute

from the displacements both the new orientation of the best fit para-

bolold and the associated root mean square.

IV
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h INTRODUCTION

The physical antenna of the Advanced Antenna System
of the JPL/NASA Deep Space lnsbumentation Facility

is a steel space truss structure _,ith a rotational para-

lx_loidal reflector surface of 210 ft D and focal.length-to-

diameter ratio of 0.4235. Under different loading

conditions the components of the displacement vector are
compute_! by a compoter program (Ref. 1 ).The displace-

ments of the reflector points are caused partially by the

distortim_s of the reflector and partially by the displace.
r_wnts of its supports. The displacements of the supports

cause a rigid body translation and rotation of the reflector,
resulting in the dislocation of the focal point. In order

to determine apriori the location of the focal equipment,
the components of the rigid body motion should be

computed. The radio waves converging at the newly
established focal point are disturbed bv the interference

resulting from the distortions of the reflector. Since the
length of the utilized radio wave is much greater than

the expected maximum distortions, the change in path
length of the rays can be used as the phase difference.

On the basis of a previous work (Bef. 2), the rc_t

mean square of the weighted phase differences of the rays

associat,.q: with the observed points on the surface (using

their coctespon:llng reflector surface areas) is used to
describe the over.a;! interference. Since the Advanced

Antenna System operates at the highest possible noise.to-
signal ratio, the root mean square should be minimized

by varying the focal length and the components of the
rigid body motion.

A digital computer program was developed to compute
the focal length and the components of the rigid body
motion from the cartesian coordinates of the observed

points on the deformed rcflector, yielding the minimum

root mean square.
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Ih MATHEMATICAL FORMULATION

In the following formulation, the possible constituents
of the displacement vectors are analyzed, the change in
path ]ength due to the distortions is explained, a scheme
to compute the minimum root mean square is given, and,
finally, the root mean square is minimized further with
respect to the focal length.

A. Rigid Body Components of the Displacement
Vector

Let r, be the position vector of the ith point on the
undeformed reflector surface, and let p, be the posit/on
vector of the same ,-Joint on the deformed surface. In
Fig. I, the components of the deformation are illustrated,
in which t is the translation, (o, is the cl_p!acement due
to rotat/on, and d, the distortion of the ith point. Then
it follows from Fig. I that

where the magnitudes of I and (o= are small in comp_rlson
to r,, and IV Is the total number of observed points. Re-
ferrlng to the ix, y, z) coordinate system, one can wr/te

ri=xil+l/,J+z,k

where I, J. and k aro the unit vectors and

(_)

:, = 4"_'(x,' + i/,') (3)

where t is the focal length of the undeformed surface.

Designating the displacement vector of the Ith point as
q,, one writes

pi=r, + t+ o, +d,.i:-= 1,2 ..... ZV (!) q,=t+w,+d, (4)

z

(ld)

X

Y

Fig. 1, Cempenents ef the dlsplecement vecter

R
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and

q, = ml + v,J + w,k (5)

where ,i, v_, and w, are the components of the displace-

ment vector, When the loads are specified, ul, v_, and wl

arc obtnined from the structure analysis (Ref, l). Usiug
Eqs. ( 1 and 4 ), one writes

p, = r, + q, (6)

or

p, = (X, + u,)i+ (y, + v,)J _ (z, +w,)k (7)

In the cartesian coordinate system t can be written

t = u_l + voj + wok is)

The displacement caused by the rotation, to,, can be
expressed as

_, = r,, -- r, (9)

where r,_ is the rotated position vector. Defining O, ok,
and ¢, as the rotation angles about the z axis, the rotated
x axis (the x axis after the O rotation), and the rotated
rotated y axis (the y axis after both the e and the ,# rota-

tions ), respectively, then r,, can be written ( see Appendix
A):

r,_ = -0 1 y, (I0)

-_ z,

Equation (2) can be rewritten as

,,,,1[,or = 0 I y, (11)

0 0 z,

Substituting r,, and r_ from Eqs. (10 and 11), respec-
tively, into Eq. (9), one obtains

(Oi = rr| --rl =

or

[l j k] o.- (12)

_, = ( -el�, + ,/,z,) I + (ex, -#_z,) J
+ (-,#x, + _t/*)k t (13)

Defining dt as and

d, = d,,l + d_,J + d,,k (14)

and substituting pl, rf, t, c,h, and d, from Eqs. (7, 2, 8, 13.
and 14), respectively, Into Eq, (1), one obtains the
identity,

(x,+u,)l+(l/,+v,)J+(z_+w,)kffi (xl + u,,

-6Vl + Cz, + d,,) 1 + (I/, + o, + _, -¢,z, + d,,) J

+ (z, + w, - _, +@y, + dz,) k (15)

which leads to

dq = u, - ( u, - _, + Cz, ) (1Oa)

dzj = wl - ( too - _xj + _l/J ) ( 1Oc)

B. Change in Path Length Due to d,

In Fig. 2 the change in path length, _,_, for the lth ray

caused by the distortion is illustrated. From Fig. 2 one
writes for small distortions

X, = 2(n,'d,) (n,.k) (17)

where nl is the unit normal of the undeformed surface

at the lth point and k is the unit vector along the axis of
the undeformed paraboloid. The expression for n, is

n, = n,ii + nllJ + n,,k (18a)

where

_t
(18b)

+ \au/, + \a=/,

a(.._.), (18c)

L\Oxl, + \or/, + \o,-/,

%- ' (x_t)

L\O,/, + \av/, + \a=/, j

F "" 4t" - (x' + I/') (10)

3
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x

qi

k

.._ Y

Fig. 2. Change in path let,,. _,;e to distortion of the reflector

C. Minimization of the Root Mean Square with
Respect to the Components of the Rigid Body
Motion

The root mean square ti ms ) of the path length changes
can be defined as

/x

/_A,_,'rms = (20)

_/ ,_14(n"k) "A'

where A, is the area of the reflector associated with the

ith point. Defining W, as

W, -- 4 (ns'k)tA, (21)

and using Eqs. (14 and 18), Eq. (20) can be rewritten as

._w, (.,, d., + .., d., + .., d.,)'
rms = x (_)

_Wi t

Since W, weights are positive quantitfeq fnr all values of
i. the rms will he minimum when the numerator under

the radical sign is minimum; that is. when

s = ._,w, (.,, d., + .., d., + .., d,,,)'

is minintum.

(o-.3)

S can be minimized by varying tt with resl_-t to u.,
v., We,#, @,and _, yielding

aS
a-_= _2w, (.,,d., + _.,d., _ ..,a.,)

_d,, ad. l _d, t'_""_ + '_,_ + "',T_'_/= o (24a)

aS "
a--_= _w, (.,, d.,+ .., d.,+ ._,d.,)

_d,, ad., ad,, %
n"'E + "'E +n" _'E./ = o (_4b)

aS
-- = _ 2w, (.,, d., + .., _., + _,,d.,)
alP. ,.t

_d,, _d,, ad,, \n,,_; + .., a.)'-_+ ", _'./= o (24c)

4
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aS

_0

M

_2w, (,,, d., + .m, d,, + n:,, d,,)
III

( 24d )

_s 3t

T_ ..2W, (n,, d., + n,, d,,, + n_, d,,)
Irl

(_d., 0d., _d: I '_,,,, %-+ .:, o--;-* .,,--if-) : o ( 24e )

_s M

t_2Wd (n,, d._ + n,, d,, + n.,, d:,)

_d,, M,, _d,,,,,, --_ + .., -TO-+ ,,.,-_-) = o (24f)

These can he written as

"bnbt. b,_b,.b,.b,.]l

h=,b:=b.b.b,_b..|_

b., b., b. b., b._ b.J_

I_DrD

0
(_)

where the coemcient matrix is a positive definite symmetric

matrix, the entries of which are:

W

b,, = _,,,' W, (_a)

St

b,, = _ n,, n,, W, (_b)
tzl

,1¢

b,, = T_ n,, m, W, (9,_)
I*1

.W

b,, = _ (.'.. :h, n,, W, - y, n,,' W,) (2M)

X

b,. = E (Y,"', "', w, -., ,,,, ,,., w,) (m,)

#

b,. = E('-, ",,' w, - x, ,_,,.., w,) (_)
l,I

$¢

b,, = T_ n,,' W, _ (_g)
tlJl

#

b,, = T_ ",, n,, W, (_h)
iJl

b.. = E (x, ..,. W, - _, ,,,, ,_.,,W,) (281)
Iml

_t

X

b..= _.(.,.,,.., w, - =,..,_,w,) (ZOk!

b:,s = _E n.h' W, (2{}1)

b..=_ (x, m, m, W, - y, n,, n_ W,) (20m)

X

_,, : ._,(_,._,.w,- :,..,.., w,) (._On)

lit

b..= _ (=, ,,,, ,,_,w, -., ,._,.w,) (_)

X

_..= _(w, (.,,_,- ..,=,).) (_p)
/t

_..= _ (w, (.,,_,- _,.,)(._,.,- ..,_,))(_)

b..= _(W, (.,,_,-..,.,) (..,.,-.,,-,)) (_.)
_t

b..=_ (w,(_,,,- ,,,,,.,,),) (_s)

W

_..= _(w, (..,.,--.., _,)(..,=,-.,,.,)) (_t)
llt

b..= _(w, (.,,., -.,,.,),) (_,,)

The entries of the right-hand side vector are:

W

c,=_(w,.,,) (.,,.,+..,_,+..,,¢,) (ZTa)
X

¢,=_. (W,n,,) (nt, u, +n,ioi+nhw, ) (27b)

X

c.=_(w,..,) (.,,.,+.,,o,+..,w,) (zr_)

C| _ m _w, (.,,_,- ..,.,)(.,,,,, +._,o,+ ,,.,_,,)
(Z7d)

5
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X

c_- - _;w (.., =,-.., _,)(.,,,,, +..,v, + ,,.,,_,)
(r/e)

N

c =- Ew, (._,=-. :,)(.,,,., +..,_, +._,w,)
( _,7f)

The solution of Eq. (25) yields the components of the
rigid body motion which minimize the rms.

D. Minimization of the Root Mean Square with
Respect to the Focal Length

After the components of the rigid body motion have.
been eliminated from the displacement vector, the dis-
tortions can be further minimized with respect to the
focal length. Refen'ing to Fig. 3, if the new focal length
is f', the new distortion vector becomes

d'_

d;,

d;,

d,,

=" dui

d,j

+ 00,x_' + _t,_ (1
,t T-

(_)

Defining

and using

x,' + _,' (30)
:' = 41

Eq. (28) can 2 ....

d'=d,,i+d,,j+[d,,.i-z,(1.-_)]k (31

Using the components of d' in Eq. (23 ), one writes

S =t_l WI {nlid, I + _idvi

(32

The minimization of S with respect to [ may be realized
if one writes

dS w
--_= _.t 2W, tn,, d,, + n...,d,, + n,,

x[d,, +=,(x- _)]_(-.., .,) =o (_3)

NAL PARABOLOID
OF FOCAL LENGTH f

DEFORMED REFL_OR SURFACE

PARABOLOID WITH
FOCAL LENGTh f' z I

RADIAL DIRECTION

Itg. 3. Theminimizationof path lengthchangeby tho variation of focal leqth

6
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This leads to

X

Ew, [,,,,:, (,,, a.. .,. ,,,,d,,) + ,,,,,,, (d,, +,,)]

' ;L_ t -i" _6
t;z'

(34)

and it follows that

Jl'

t :Ew, (,,,,'z,')
Izl

_,W, In,, z, (_),, d,, + rh, d_,) + n.,,'z,(d,, + z,)]

,_)

Using f from Eq, (34) in Eq. (32), one obtsins the mini-
mum rms from Eq. (22).

'7
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III. FOF;_ULATION OF NUMERICAL SOLUTION

A digital computer program was developed to compute
the entries of a_: augmented matrix associated with Eq.
(2,5) from the x,, t,l, z,, u,, vt, ,nd w, of the observed
points on the sPirt'ace, and the solution of this set was
obtained. Having this solution, the displacements of the

rigid body motion were purified and the remaining dis-
tortlons were proccsse<i with respect to the focal length
in order tu obtain the minimum rms. The flow chart of

the program Is given in Fig. 4. The listing of this program
and Instructions for its use are given in Appendix E.

ENTER

_ .

RT ASSOCIATID WITH THE MINIMIZATION OF PATH !
I LINGO'i; CHANGI[S WITH USMCT TO THE COk_ONINTS OF....... ILIGIO IOOY MOTION.

i
I C.ALI.ING SUUOUTIN! MATSSe¢OMPUTI THE COMPONIN1S IOF THE RIGID IODY MOTION PROM THE AUQMINIID MATRIX.J

1

i

1
I CO/#UTI TII MIi_ILMUM lOOT ,WAN SQUAll AHD HNlW DISTOIITION COktIOl"41NTS.

,R,..,,,HE,,,,.,.,S.--]

1
EXIT

Pig.4.Flewchartoftheproirom

8
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NOMENCLATURE

,A.i

bjj, ci

rid, d.. d_i, d. l

_t I P
,1', d.,. d.,, d.,

/, f'

F(x,y,z)

i.j,k

I1_ fill _ fl:D p 1'13 d

N

area of the reflector surface associated

with the tth point

,:ntries of the augmented matrix re-

lated with the minimization of rms with

respect to tile components of rigid
rt I

body motion
Tins

distortion vector and its cartesian com-

ponents (before minimization with re-

sl)ect t¢ f,'.-al length ) S

distortion vector and its cartesian corn.

ponents (after minimization with re-

spect to focal length)

original and rms minimizing focal W,

lengths

function repr2senting closed form O.q=.g

equation of the reflector surface

t, nit _ectors of the fixed cartesian co- P"

ordinate system

this
unit normal vector and its cartesian

components of the reflector st,rface

(headi.g towards the center of curva- _.,

t ure )

total number of observed points on the

reflector surface

ql, tit, Vt, wl

rdpX_, i/l, ,¢!

disp:acemen'..': ,,,r ;,.d tts cartesian

components

l;osltlon vector of undefurmed re'_,-ct.or

and its cartesian components

Rotated r vector

Weighted root mean square of the

path length changes

part of the rms expression contain!ng

the minimization variables

translation vector and its cartesian

components

weights of the normal components of

d,e reflector distortions

rotations about z-axis, rotated x-axis,

and rotated rotated paxis

p_sition vector of the deformed reflec-

tor points

rotation component of the displace-

ment vector q,

change in the path length of the tth

ray because of distortions

ratio of the focal lengths (original to

minimizing )

REFERENCES

I. Parikh, Kirit S., R. I. Ilatchelder, and P. C. Yang, STAIR Program, M. I.T., 1960.
See also "Some Applications of Digital Compu'atlon in Structural Research I1,"

St_ff of the Slructures Division of Department of Civil Engineering of M. I. T., SUCCE

Symposium, Lisbon, Portu_l, 1962.

2. Ruze, John, "Physkal Limitations on Antenna," Technical ReF".'_" 2d8, October,

19.52, ASTIA/AD No. 6235, Research Laboratory of Electramcs, M. I. T., Cam-

bridge, Massachusetts.
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APPENDIX A

Coordinate Transformation with Successive Rotations

Referring to Fig. A-l, a vector r can he written in

the (x, y. z) coordinate, -'_tem

[x y :] i

(A-I)

and in the (:', If, z') coordinate system

r=[X'ifz']li l,) (A-2)

The relation between th.- i, J, k of the (x, y, z) coordinate

system and the 1', J', k' of the (x', If, z' ) coordinate system
is

= I,m, J

k' ] , m, k

(A-3)

where the rows of the coe_cient matrix are the direction

cosines of the rotated axes in the origlna] (x. I/, :) coor-

dinate system.

Substituting the I', y, k', of Eq. (A-3) into Eq. (A-2)

and equat/ng the latter to Eq. (A-1), one obtaim

(A4)

z' (I 3' m3' n3)

._ ulel, I

I, I, k ME 1TIE
UNIT VECTORS OF

z (o, 0, 1) (x, y, z) SYSlIM.I'a l', k' ARE THE
UNIT VECTORSOF

_.._ (x ', y', ,') SYSTEM.

k' _ _ __ Y'(12, m2, n2 )

x'(ll,ml, nl) x (le O, O_

Fig. A-I. Iotatlon of coordinate system

10
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Let [Q,_ represent the coefficient matrix of (A-4). if the
(x' tf, z') coordinate system is subjected to another rota-

tion, the components of r in this new system are

_,, = [q,] [q,] (A-5)

Similarly, for a third rotation the components of r are

1 li}_,'"L> = [Q,] [q,] [q,]
#,,y

(A-O)

For the case discussed ill the text, rotation of # about

the :. axis yields

F Cos0 Sin 0 01

[¢,]=L-Sone CoseOo 1_] (A.7)

rotation of ¢ about the x' axis yields

[i o o][Q,] = Cos¢, si,; _ (A-8)
-Sin 4, Cos

and rotation of _ about the if' axis yields

Fm''°= z (A.9)
[Q'] LSin _, 0 CosSJ

Then it ;ollows from Eq. (A-6) that the total rotation
matrix is

[91 = [COOS,0 -si. "11 0 0

LSin ¢, 0 Cos$ 0

F Cos0 Sin # O"

L-Sin # Cos O 0

0 0 1

0

Cos
-Sin 4_

0]Sin
Cos

(A.IO)

For small rotations, one can truncate the Taylor expan-

sion series for sine and cosine e fter the first power term.

Maintatn!ng the first power approximation, Eq. (A-IO)
e_ n be rewritten,

[q] = - 1 (A.lt)

-4,

which is identical with the square matrix appearing in

Eq. (I0) of the text.

APPENDIX B

Computer Program

This program, written in Fortran for the 32K IBM
7090, can handle 1000 observed points on the reflector

surface. This program requires the x,, V,, zl coordinates,

the u,, v,, wl components of the displacement vectors,
and the reflector sudace area associated with each ob-

served point. The input should be compatible with the

following Fortran statements:

READ INPUT TAPE 5, 1, NP, F, (X(1), Y(I),

z(l), u([), v(I), w(t), A(l), K, l=l,
1 FORMAT (!10, EIS. 5, /, (7F10.5,110))'P)

iS

where NP is thetotal number of observed points, F is the

original focal length, X, Y, and Z are the coordinates of

the observed points, U, V, and W are the components

of the displacement vector, A Is the reflector surface area
associated with each observed point, and K ts the se-

quence number of the Input card.

The output of this program is the root mean square of

the changes in path length, the orientation and focal

length of the best fit parabolold, and the components of
the associated dlstortlo.s, No tapes or sense switch set-

tings are required; however, one may bypass minimlza-
tion with respect to the focal length by setting sense

switch I down. The program given on the following

pages does not minimize the root mean square with re-

spect to the rotation about the axis of the reflector,

It
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t

}f

t

C

19
20

XEQ
LIST8
LABEL
BEST FiT PARABOLOID WITH MINIMUM PATH LENGTH IN LEAST SOUARE SENSE
DIMENSION XflOOO)oY(lOOOltZllOOO)_UflOOO)oVllOOO)tWllOOO}oB(GoG),

iC(6ltA(lOOOloDlllOOOltD2(lOOOltD3(lOOO)tR(6ltWT(lOOOloSl(6o6)oXX(6
2)

READ INPUT TAPE ),I_NP,Fg(X(1)IY(IIoZ(IIoU(II,V(1)oW(IItA(IIoK,I'I
I,NP)

WRITE OUTPUT TAPE 6o2o(X(II,Y(1)tZ(1)tU(1)oV(1)oW(1)oA(1)ololmloN
IP)

DO 20 I=Io6
C(1)=O,

DO 19 J'Io6
B(ItJ)=Oo
CONTINUE
S=O,
SW'O,

DO 30 I=ItNP
T=SORTF (4,_(Xil)_*2+Y(1)_2+_°_F_21)

DI(1)'-2,*X(1)/T
D2(1)'-2,_.Y(1)IT
D3(1)=4,mF/T

WT(1)=_,_D3(I|_2_A(1)

B(1,1)=B(Itl)+DI(1)_o2_WT(1)
B(It2)'B(I,2)+DI(19_D2II)*WTII)

B(1,3)'BII,3)+DI(1)eD3(II*WT(1)
B(I,4i-B(I,4)+IX(1)WDI(1)ID2(1)-Y(II_DI(II_m2IwWT(1)

BIItB)-BI)_)+IYII)*DIII)*D3II)-ZII)ODIII)_D2(1))_WTII)
B(I,6)-B(I,6)+(Z(1)eDI(1)**2-X(1)*DIII)*D3(1)|wWT(I!

8(2,2)nB(2,2)+D2(1)tm2mWT(1)
B(2t))-B(2,))+D2(1)*D)(1)*WT(1)

B(2o4)-BI2t4)+(X(1)oD2#1)_2-YII)_DI(1)ID2(1))_WT(1)
B(2,5)-B(2,5)+(Y(1)eO2(1)tD3(1)-Z(Ii4DI(1)_*2i_WT(1)

BI2,6)-B(2,6)+fZfl)eD2II)mD Ifl)-X(1)_O3II)mD2(1))*WT(1)

B(),6)-B(3o6)+(Z(1)_DI(1)*D3II)-X(I)_D3(IImm2)_WT(1)

B(4oS)=B(_SI+WT(IIe(DI(1)eY(1)-D2(II_XII))_(D2(II_Z(1)-D)II)*Y(1)

1)
B(_6I-B(6_6)+WT(II*(DI(1)*Y(1)-D2(1)#X(1)II(D)II)mX(1)-OI(1)mZ(1)

i)
B(_,SImB(S,S)+WT(1)e(O2(II*Z(II-O3(IIeY(1))**2

B(5_6)-B(So6)+WT(1)m(O2(1)*Z(1)-D3(1)_Y(1))m(O3(1)*X(II-OI(1)*Z(Ii

I)
B(6o6)mB(6o6)+WT(1)#(D3(1)mX(1)-DI(1)eZ(1))_2
OmOl(1)*U(1)+D2(1)_V(1)+O)(1)mW(1)

C(I)mC(I)+O_WT(1)IDI(I)
C(2)mC(2)+OeWT(l)tO2fl)
C(_)nC(_)+OeWT(X)_D_(I)

12
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3O

_0

98

/49
50

6O

69

70

81

8O

8

9

10
1.1

99

l

2

C(4)=C

C(5}=C

C(6)-C

DO 40

DO 40

8(J,I

8(4,1

8(4,2

8(4,3

8(_,4

8(4,5

B(4,6

(4)-OmWTII}i(DIII)_Y(1)-D2(I)_X(I))
(5)-OwWT(I)*(D2(IItZ(I)-D3(I)eY(I})
(6)-OeWT(I)tID3(IIeX(I)-DI(I)eZ(I))

I=1,6
J=I,6

=B(I,J)
=Oe

=Oe

=Oe
=I,0

*06

=0,

C(a)=O.

M=6

N=I

D=O.

WRITE OUTPUT TAPE 6,9, ((B(I,J),J=l,6),I=1,6)

WRITE OUTPUT TAPE 6,11, (C(I},I=I,6)

CALL MATIS (BtM-RoNoDoBI)

T_ ¢A8S¢(0)-.0_00001) 99.99,98

DO 50 I=I,6

XX(I)=O.

_0 a9 K=I,6

XX(II=XXII)+BI(I,KI_CIK)

CONTINUE

DO 60 I=I,NP

U(1)=U(1)-(XX(1)-X

V(II=V(1)-(XX(2)+X

W(1)-W(1)-(XX(3)-X

WRITE OUTPUT TAPE

IF (SENSE SWITCH I

WRITE OUTPUT TAPE

CALL VARYFL

GO TO 81

WRITE OUTPUT

DO 80 I=I,NP

SW=SW+WT(1)

X(4)*Y(I)+XX(6)*Z(I})

X(4)*X(1)-XX(5)*Z(1))

X(6IoX(1)+XX(5)*Y(1))

6,3,(UIII,V(II,WII),I.I=I,NP)

I 70,$9

6,7
(X,Y,ZtUtV,W,A,WT,DltD2,D3,NP,F)

TAPE 6,6

S=S+WTII)I(DI(IImUII)+D2(1)*V(1)+D3(I}_WIIiIe*2

RMS=SORTF (S/SW)

WRITE OUTPUT TAPE 6,4,RMSt(XX(1)tI=I,6}tF

WRITE OUTPUT TAPE 6,8,(DI(1),D2(1),D3(1)tWT(I)tloI'IoNP)

WRITE OUTPUT TAPE 6,10, ((BI(I,J),J=t,6),I'I.6)

FORMAT (1Hl,l,23X,2HNlt23X,2HN2,23X,2HN3t23Xo2HWT*19XolHIt/I"

l(4E25,gtI20))
FORMAT (I9HICOEFFICIENT MAI"RIXo//o(6E20,9}|

FORMAT [12H1THE INVERSE,//o(EE20,9))
FORMAT (9H1C MATRIX,//o(ESO,9))

CALL EXIT
WRITE OUTPUT TAPE 6,5

CALL EXIT
FORMAT (IlO.EIS.5,/,(TFIO.5,IIO))

FORMAT (88HIBEST FIT PARABOLOID WITH MINIHUM PATH LENGTH IN LEAST

13
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6

?

1SQUARE SENSEt UTKU-BARONDESSt JPLtl/Io3XtZ3H X COORDINATE.3Xo 13H
2Y COORDINATEt3X913H Z COORDINATEt3Xt13H U D_FLECTIONt3XeZ3H V OEFL
3ECTIONt3Xt13H W DEFLECTIONtTXtSH AREAt4XtBHPO|NT NOt//t(TE|6e_tlS)
4)

3 FORMAT (66H1DISTORTIONS AFTER MINIMIZATION WITH RESPECT TO RIGID
_BODY NOTIONtI/t12Xe13H U DISTORTIONt12Xt13H V DISTORTIONt12Xt|3H W
2 DISTORTIONt3Xt13H POINT NUHBERt//t(3EgSo9tI16))

¢ FORMAT (26H1THE ROOT-MEAN SQUARE IStE25ogt//t 36H X COORDINATE OF
1THE APEX POINT ISeE2_e99//t _4H Y COORDINATE OF THE APEX POINT ISt
2E25ogo//t34H Z COORDINATE OF THE APEX POINT IStE25o9t//t25H ROTAT!
30N ABOUT Z AXIS IStE2_e9t//t33H ROTATION ABOUT ROTATED X AXES IStE
625o9t//961H ROTATION ABOUT ROTATED ROTATED Y AXIS IStE25o9e//t67H
5THE FOCAL LENGTH OF THE 8ES'0' FIT PARABO!.OID I59E25o9)

FORMAT ( 5?H1THE COEFFICIENT MATRIX IS SINGULARt SOLUTION IS O_LET
lED,)

FORMAT ( 91H1THE PROGRAM IS NOT REQUESTED TO DO MINIHIZATION WITH
1RESPECT TO FOCAL LENGTH9 551 15 DOWN.}

FORMAT (85H1THE PROGRAM IS REQUESTED TO DO MINIMIZATION WITH RESPE
1CT TO FOCAL LENGTHt SS1 IS UPo)

END

14



JPL TECHNICALMEMORANDUMNO. 33-118

I,

O

JPLtJ007000t01113330
LABEL
LIST8
FAP

TTL
LBL
ENTRY

NATIS 6X6 UTKU-BARONDE5$

SUBROUTINE MATIS
THIS SUBROUTINE IS IDENTICAL WITH MATIV ON JPL LIBRARY
TAPE (AUGUST 1962! WHICH IS REASSENBLED FOR 6X6 ARRAYSe
MATRIX INVERSION
MAT|S tX
HATIS
_UBROUTINE MATIS (AtNtBeM.OETERMtCI
THIS SUBROUTINE SAVES MATRTX A

MATIS SXD BOYt4
CLA lt6
ADD ONE
STA Z
CLA 2t6
STO ZZ+2
CLA 3t6
STO ZZ+3
CLA 4t4
STO ZZ+4
CLA 5t4
STO ZZ+_
CLA 6t4
STO ZZ+I
ADD ONE
STAY
AXT 36,4

Z CLA It4
Y STO or4

TIX _-2,4t1
ZZ CALL MATIN

TSX
TSX Q
TSX •
TSX
TSX •
LXD BOY._
TRA 7ok

ONE DEC 1
BOY

END

15
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2O

30

LABEL
LIST8
SUBROUTINE VARYFL IXtYtZtUtV,WtAtWToOloO2oO_oNPoF)
DIMENSION X(IOOO),Y(IOOO)oZ(IOOOIoU(IOOO)oV(IOOOllWIIOOO)tA(IO00)

Z,WTIlOOO),DlIlOOO),D2(lOOOIoD3(lO00)
S-O,
B=O.
DO 20 I'IoNP

AX=4,_A(1)_D3(1)_3_Z(I)

P'DI(1)_U{I)+D2III*V(1)+Dg(1)_WII)
S'S+AX_P

B'B+AX_Z(1)_D3(1)

CONTINUE
R'S/B
DO 30 I'IoNP

W(I}=W(1)-Z(1)_R

FNmF/(Io+R)
WRITE OUTPUT TAPE 6,I,FoFN,(W(1)gW(I+I),WiI+2)tW(I+3)gW{I+4)oWiI÷5

I)tWiI+6)oW(I+?),WiI+8)_W(I+9)tIgI'ItNPtIO}

F-FN
RETURN

! FORMAT (29H1THE ORIGINAL FOCAL LENGTH IS,E25,go//t24H THE NEW FOCA
1L LENGTH IS,E25.9t////D56H THE NEW DISTORTIONS IN DIRECTION OF PAR
2ABOLOID AXIS ARE,//o(lOFll.6_IlO))

END

16
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C
C
C
C
C
C

C
C
C

C

C
C

C
C
C

JPLtJO07000o01113330 MATIN 8X6
LABEL
LIST8
SUBROUTINE MATIN (AoNoBoMtDETERM)

UTKU-BARONDESS

THIS SUBROUTINE IS IDENTIGAL WITH NATINV ON JPL LIBRARY TAPE
(AUGUST 1962) WHICH IS RECONPILED DELETING CONMON STATEMENT AND
CHANGING DIMENSION STATEMENT FOR 6X6 ARRAYSe
MATRIX INVERSION WITH ACCOMPANYING SOLUTION OF LINEAR EQUATIONS

DIMENSION IPIVOTI6)tAI6t6IoBI6olIolNDEXI6o2IOPlVOT(6)
EQUIVALENCE (IROWoJROW), IICOLUMtJCOLUNI, (AMAX, To SWAP)

INITIALIZATION

10 DETERM=I,0
15 DO 20 J'1,N
20 IPIVOTIJI=O
30 DO 550 (=1oN

SEARCH FOR PIVOT ELEMENT

40 AMAXmOeO
45 DO 105 J=loN
50 IF (IPlVOT(J)-I) 60, 105, 60
60 DO 100 Kol,N
70 IF (IPIVOT(KI-1} 80o 100, T40
80 IF (ABSF(ANAXI-ABSF(A(JoK))| BS, 100, 100
85 IROW-J
90 ICOLUN=K
95 AMAXnAIJoK)

100 CONTINUE
105 CONTINUE
110 TPIVOTIICOLUMIslPIVOTIICOLUMI+I

INTERCHANGE ROWS TO PUT PIVOT ELEMENT ON DIAGONAL

130 IF (IROW-ICOLUMI 140, 260, 140
140 DETERN=-DETERM
150 DO 200 L-1,N

160 SWAP-A(IkOW,L)
170 A(IROW,LtsA(ICOLUM,L}
200 A(ICOLUMoL)-SWAP
205 IFIMI 260, 260, 210
210 DO 250 Lsl, N
220 SWApmBIIROW,Lt
230 B(ZROW,L)IB(ICOLUNoL)
2_0 BIICOLUM,LImSWAP
260 INDEXII,1ImlROW t
270 INDEX(I,2)oICOLUM
310 PlVOTII)-AIICOLUM,ICOLUM)

t7
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C
C
C

C
C

C

C

C
C

320 DETERM=DETERMtPIVOT(I!

DIVIDE PIVOT ROW BY PIVOT ELEMENT

330 AIICOLUMolCOLUM)=I.0'
340 DO 3_0 LaI+N
350 A(ICOLUMeLI=AIICOLUMtL)IPIVOT(I)
355 IF(M) 3BOo 380o 360
360 DO 370 LtltM
370 BIICOLUMoL)aB(ICOLUMoL)/PIVOT(I)

REDUCE NON-PIVOT ROWS

380 DO 550 LI=loN
390 IFILI-ICOLUM) 400. 550o 400
400 T=A(LImZCOLUM)
420 AIL%IICOLUM)=O.O
430 DO 450 L=loN
450 A(LI+LI=AILI.LI-A(ICOLUMmL)eT
455 IFIM) 550t 550t 460
460 DO 500 L=I,M
500 BILlmL)=B(L1,L)-B(ICOLUMtL)eT
550 CONTINUE

INTERCHANGE COLUMNS

600 DO 710 I=I,N
610 L=N+I-I
620 IF (INDEXtLol)'INDEXIL*2)) 630m 710o 630
630 JROWmlNDEX(L.1)
640 JCOLUMIINDEX(Lo2)
650 DO 705 Kml.N
660 5WAP=A(KtJROW)
670 AIKtJROW)=A(K,JCOLUM)
700 AIK,JCOLUNI'SWAP
705 CONTINUE
710 CONTINUE
?40 RETURN

END
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